A safety guaranteed formation control problem for waterjet unmanned surface vehicles (USV) under the consideration of unmodeled dynamics, environmental disturbances, input saturation, and output constraints is addressed in this paper. The leader-follower method and line-of-sight (LOS) strategy are employed to achieve the desired formation structure. Firstly, two tan-type barrier Lyapunov functions (BLF) are designed to limit the formation errors always within a predefined range to avoid collisions and keep communications, it can also relax the assumption of each USV's initial position to random. Besides, a bioinspired neurodynamics method is involved to avoid the appearance of the virtual velocity differential terms in the control law, which is different from the traditional dynamic surface method and makes it easier to implement in practice. Further, adaptive neural networks (NN) are used to approximate unmodeled dynamics and an auxiliary dynamics system is introduced to handle the input saturation. It is proved that the uniform ultimate boundedness of all signals in the control system can be achieved. Finally, simulation studies show the effectiveness of the proposed control law.
I. INTRODUCTION
Research on multiple agent system has grown markedly in recent years since the single-vehicle has limited fuel and will increase the time to complete the task. A class of underactuated system waterjet unmanned surface vehicles has received considerable attention due to its rapidity, flexibility and efficiency such as minesweeping, transport strategic materials, rescue missions, seabed mapping, ocean floor survey and so on [1] - [3] . This type of robot with two inputs (surge force and yaw torque) and three outputs (position and orientation) is also called a nonholonomic system, the control strategy for the full-actuated system can not be used directly to the underactuated system.
It is worth noting that most works in the formation control for USV [4] - [7] only consider the formation pattern, i.e., the stable-state errors. We can predict that even though the USV moves in the desired pattern, if the extern environments The associate editor coordinating the review of this manuscript and approving it for publication was Valentina E. Balas . changes suddenly, the distance between the leader and the follower will be changed accordingly. On the one hand, if the distance between the leader and the follower is too large that exceeds the maximum effective communication range in the process of formation establish, the follower can not obtain the necessary information which will affect the system stability. On the other hand, if the distance between the leader and the follower is smaller than the minimum collision distance, the serious accident will happen even leads to economic losses. To achieve safety guaranteed formation control, especially for the rapidity USV in the time-varying ocean environment, the transient-state stability must be considered. A model-based on finite control set model predictive control was proposed to solve the formation collision avoidance problem for USV with the leader-follower structure in [1] . An improved ant colony optimization algorithm was proposed to solve the problem of USV collision avoidance planning in [8] . A collision avoidance system with colregs compliance to improve the autonomous navigational ability of USV was proposed in [9] . However, it is required to design the potential functions additionally in the Lyapunov function and they may have a conflict between the formation errors and the collision avoidance by choosing design parameters [10] . However, they only consider the problem of avoiding collisions, it is necessary to develop a new method for the formation control with the consideration of collisions and connectivity.
The connectivity and collision constraints have been investigated in recent several papers. To provide transient performance specifications of formation errors under the consideration of collision and connectivity, the prescribed performance control methodology was used in platoon formation control for USV [11] . An interesting BLF method was first proposed in [12] to deal with the problem of constraint. Then, amounts of works were developed based on it. A distributed attitude coordinated control for multiple spacecraft with attitude constraints was designed in [13] . A model-based control law was proposed to achieve multilayer formation in [14] . [15] , [16] investigated the problem of tracking the desired trajectory for a fully actuated USV considering multiple outputs constraints using an interesting method of log-type BLF method. [17] proposed a time-varying BLF to shape the USV motion constraint problem. It should be noted that the initial state of the USV must satisfy the initial constraint. Also, the input saturation is not involved.
Since actuator physical constraints can severely affect the system stability and the system performance, control design for an uncertain system with input saturation should be developed. Research on compensates for the adverse effect of actuator saturation has made progress in recent years [18] [19] [20] [21] . It should be pointed out that constraint problem, input saturation, and model uncertainties are very crucial factors for the underactuated USV with the high speed. However, the output constraints and input saturation were separately considered in [13] - [17] and [19] , [20] , the system considered in [18] was a single input system. In addition, the differential terms of virtual velocity always appeared in the control law [21] - [23] , that is to say, the acceleration was needed in the control law, which made the control law complex and difficult to implement in practice engineering.
Motivated from the above research, in this work, a bioinspired based adaptive NN formation control for waterjet USV with input saturation and output constraints is developed. The main contributions of this paper are summarized as follows.
• Under the consideration of the communication connectivity and collision avoidance, a tan-type BLF is introduced to relax the initial position assumption while guaranteeing the distance among USVs neither overstep the maximum communication distance nor less than the minimum collision distance.
• Inspired by the characteristic of the plasma membrane, the bioinspired model is proposed to avoid the virtual velocity differential terms to appear in the control law.
• The auxiliary dynamic system is introduced to deal with the non-symmetric input saturation constraint.
• Adaptive NNs are employed in the control design to cope with the unmodeled dynamics. This paper is organized as follows. Section II introduces the preliminaries and problem description. Section III is devoted to the bioinspired based control for multiple waterjet USV and the proof of the control stability. Simulation examples verified the effectiveness of the proposed method in Section IV. Section V draws the conclusion of this work.
II. PRELIMINARIES AND PROBLEM FORMULATION A. PRELIMINARIES
The bioinspired neural dynamics model was first put forward by Grossberg [24] . It can describe the online adaptive behavior of individuals. It was originally derived based on the membrane model proposed by Hodgkin and Huxley [25] for a patch of membrane using electrical elements. The dynamics of voltage across the membrane can be described in the membrane model, using state equation technique as:
where V m represents the membrane voltage, C m is the membrane capacitance, and E k , E Na and E p are the potassium potential of the membrane, the sodium ion and the passive leakage current of the Nernst potential (saturation potential). g K , g Na and g p represent the potassium ion, sodium ion and passive channel conductance, respectively. Let C m = 1, and x i = E p + V m , A = g p , B = E Na + E p , D = E k − E p , S + i = g Na and S − i = g k , then substitute them into (1), we can obtain
where x i is the neural activity (membrane potential) of the neuron. A, B and D are nonnegative constants represent the passive decay rate, the upper and the lower bounds of the neural activity, respectively. The variables S + and S − represent the excitatory and inhibitory inputs, respectively. The neutron dynamics are restricted to a bounded interval [−D, B].
The bioinspired model can be defined as follows:
where f (α i ) and g(α i ) denote the linear threshold functions of x i and are defined as follows:
In this work, the virtual control α ui , α ri , α ψi are chosen as the input of the neural dynamic model, and the outputs V i will substitute α ui , α ri , α ψi . Lemma 1 [26] For an unknown continuous nonlinear function f (x) : R m → R, the radial basis function NN can be used to approximate it over a compact set ⊆ R m as follows: c = c ij n×m is the center and b j is the width of the neural cell of the hidden layer. ε(x) denotes the approximate error satisfying ε(x) ≤ε,ε is an arbitrary small positive constant. RBF optimal weight vector is
whereŴ is the estimate value of W * , which is produced by an adaptive update law.
B. USV KINEMATICS AND DYNAMICS
Consider a multi-USV system consisting of one leader and n followers, neglecting the heave, roll and pitch motion. The kinematics model of the ith USV can be described as follows:
the dynamics model subjected to external disturbances is presented as:
where
m 33i r i denotes the uncertainty terms can not be obtained precisely. τ wui , τ wvi , τ wri are the disturbances induced by wind, wave and current.
Remark 1: For the waterjet USV, the sway direction has no direct input, so the control design method for the full-actuated system can not be used directly for the underactuated system.
In practice, the thruster has the limited input due to the physical characteristics which can be described as follows:
where j = u, r, τ ji max and τ ji min are the maximum and minimum value of the thruster can be produced in the surge direction and yaw direction, τ cji is the command input calculated by the designed control law and τ ji is the control input produced by the waterjet system.
Assumption 2: The disturbances of the environment is bounded, i.e., τ wui ≤τ wui , τ wvi ≤τ wvi , τ wri ≤τ wri , wherē τ wui ,τ wvi ,τ wri are constant value.
C. CONTROL OBJECTIVES
In this paper, we consider a control strategy to achieve the satisfactory desired distance and angle between USVs with the intervehicle communications. Under the designed control for each vehicle of a string of n USVs, the distance and angle errors can be constrained in a certain range. Line-ofsight (LOS) strategy is used to define the distance and angle between the two USVs. The leader is defined as 0th USV, the ith follower USV is denoted by i. Define the formation tracking errors of the LOS range and angle as follows:
The formation tracking errors are
where d i,des and φ i,des are desired distance and orientation of the ith USV respect to the leader. The control objectives are that the LOS range and angle should be satisfied the following constraints:
where k di , k ϕi > 0 are continuous functions.
III. TAN-TYPE BARRIER LYAPUNOV FUNCTION A. KINEMATICS CONTROL
To guarantee the formation errors constraint on e di and e ϕi , we choose a tan-type barrier Lyapunov function as follows:
Remark 2: By the L'Hospital's rule, we can obtain that if k di → ∞, the Lyapunov function (11) will become V di = 1 2 e 2 di . It means that if there is no constraint, the Lyapunov function can be simplified to the normal quadratic form. So our tan-type Lyapunov function can be used in the system without constraint requirements. It's different from V =
, which were used in many works.
At this step, we aim to make d i and ϕ i approach to the desired value of d i,des and ϕ i,des so that the desired formation pattern can be achieved. Note that the LOS range and angle have the following dynamics:
The differential of LOS range error can be written as follows:
We choose a virtual control signal α ui and α ψi . To avoid differential exploration and simplify control design, the bioinspired method is introduced. Let the virtual control go through a bioinspired model, respectively. We havė
Remark 3: The bioinspired model was used to avoid the differentiation of α ui and α ψi , which simplifies the control law and reduces the computation.
Define the velocity tracking errors as:
and yaw angle errors as:
Substituting equation (16) and (17) into (14) yieldṡ
For simplicity, we define
We can rewrite (18) aṡ
By differential (11), we can obtaiṅ
The nominal stabilizing function w 10 is chosen as:
Let w 10 go through a command filter, and the filterting error is defined as: w 1 = w 1 − w 10 and The auxiliary system e 1 is designed:ė
In order to analysis the stability of the LOS range, a Lyapunov candidate function is designed as:
The derivation of the tan-type BLF with respect to time leads tȯ
The derivative of the LOS angle yieldṡ
Similar to (18) , let The nominal stabilizing function w 20 is defined as:
where k ϕ1 = k ϕi k ϕi 2 + ε, > 0 is a small constant. The filtering error w 2 = w 2 − w 20 , and the auxiliary system e 2 is designed as the following:
The Lyapunov candidate function for LOS angle analysis is defined as follows:
The derivation of V 2 iṡ
Virtual control can be designed as follows:
Next, the stabilizing function α ri will be designed to stabilize e ψi , where e ψi = ψ i − ψ fi . The derivation of e ψi can be calculated asė
The virtual yaw velocity is designed as:
Let α ri go through a bioinspired model, we can obtaiṅ
Remark 4: The bioinspired model was used to avoid the differentiation of α ri , which simplifies the control law and reduces the computation. Define the yaw velocity error as:
A Lyapunov function to analyze the yaw angle error is defined as:
Derivation of (37) then giveṡ V ψ = −k ψ e 2 ψi + e ψi (e ri + z ri ).
(38)
B. DYNAMICS CONTROL
Define the velocity errors as follows:
So the control input is designed as follow:
Remark 5: Comparing with the traditional method, such as [9] , the control law is as follows:
and [22] :
− ψ e tanh( ψ e r e δ ) − K r0 sig 1 2 (r e )).
As can be seen from (41) and (42), the derivation of virtual control α u and α r are needed in the control law, while we can know from (29) and (31), this kind of derivation is very complicated and it is difficult to give a specific explicit expression. The control law (40) proposed in this work can avoid this complicated derivative operation. In practice, terms of f u (ν) and f v (ν) are difficult to obtain. To deal with this problem, NN are employed to approximate the value of f u (ν) and f r (ν). The adaptive update law for the NN weights are designed as follows:
where i , i = 1, 2 are the constant gain matrices and k wi , i = 1, 2 are the positive constants. According to Young's inequality, the following results can be obtained:
In addition, from (6), control inputs have an upper and lower limit. An auxiliary dynamic system is designed as follows [20] :
where ll = 11, 33, τ ji = τ ji − τ cji , k ξ ji is a positive constant, and σ > 0 is a small design constant. This auxiliary dynamic system can avoid the singularity problem due to takingξ ji = 0 when ξ ji < σ . The control input under the consideration of saturation is redesigned to the follows form:
C. PROOF
A complete Lyapunov function is constructed as 
The stability of the closed-loop system is discussed in the following two cases.
(1) when ξ ji > σ , we have
Derivative of V and substitute (24) 
From the perspective of practical application and Assumption 1, the control input and the velocities u i , v i and r i are all bounded, respectively.α ui ,α vi andα ψi are continuous and bounded functions, the maximum values are assumed to be 1 , 2 and 3 , respectively. The bioinspired model can be written in another form aṡ
Let A ui + f (α ui ) + g(α ui ) = P ui , D ui = B ui , as f (x) ≥ 0 and g(x) ≥ 0, we havė
Similar to above, let D ri = B ri , A ri + f (α ri ) + g(α ri ) = P ri , D ψi = B ψi and A ψi + f (α ψi ) + g(α ψi ) = P ψi . Then,
So we can obtain thaṫ V ≤ e di ( 11 + 21 + k ρ e 1 ) 
Let B ui = P ui , B ri = P ri , B ψi = P ψi . Then,
According to Young's inequality, where ξ 1 and ξ 2 are positive constants. Substituting (55) and (56) into (54), we can obtaiṅ
To guarantee the system stability, let
We define
we can rewrite (57) aṡ 
Substituting (51), (52), (55) and (56) into (60) and using (61) yieldV
, k w1 > 0, k w2 > 0, k cui > 0 and k cri > 0. 
Synthesizing (58) and (63) , we havė
where L = min{L 1 , L 2 } and C = max{C 1 , C 2 }.
IV. SIMULATION
In this section, a string of 4 USVs are used for the numerical simulations to demonstrate the effectiveness of the proposed method. The ship model used to simulate in this work is Cybership-II, a 1:70 scale supply vessel replica built in a marine control laboratory in the Norwegian University of Science and Technology [27] . The leader USV is denoted as 0 and the follower USVs are defined as follower 1-3. In order to verify the proposed method, the follower 1 and 2 are controlled by the method proposed in this paper, the follower 3 is controlled by the method proposed in [5] with the same initial state of the follower 1. The initial states and formation requirements are listed in Table 1 . The yaw angle velocity of the leader satisfies that r 1 = 0 rad/s when t < 100s and r 1 = −0.05 rad/s otherwise. For follower 1 and follower 2, the important control parameters are chosen as: A u1 = A u2 = 5, A r1 = A r2 = 5, A ψ1 = A ψ2 = 5, B ui = D ui = A ui +f (α ui )+g(α ui ), B ri = D ri = A uri +f (α ri )+g(α ri ), B ψi = D ψi = A ψi +f (α ψi )+g(α ψi ), k 1 = k 2 = 1, k di = 10.1, k φi = 1, k d = 21, k φ = 3, k u = k r = 2. The simulation results are depicted using different colors in Figures 1-6 . It can be seen from Figure 1 that the formation tracking performance for follower 1 and 2 are better than the follower 3 which is controlled by the method in [5] . Figure 4 shows the position and orientation of the USV. Figure 3 shows the velocity of the USV. It is shown that the control input of follower 1 and follower 2 is constrained in the desired range, while the control input of follower 3 exceeds the actuator's physics limitation which can not be realized in the practice in Figure 4 . Figures 5 and 6 suggest that the formation tracking errors of the distance and angle are all satisfactory and performed well compared with the method proposed in [5] . Therefore, the simulation results demonstrate the effectiveness of the proposed method.
V. CONCLUSION
In this brief, a novel formation control strategy based on bioinspired neurodynamics for waterjet USV with the input saturation and output constraints is presented. To cope with the problem of virtual velocity differential terms appeared in the control law, the bioinspired method is introduced. To handle the input saturation and output constraint, an auxiliary system and a novel tan-type BLF are used, respectively. Adaptive NNs are involved to deal with the unmodeled dynamics. Simulation results confirm the performance of the proposed methods.
It should be noted that the leader-follower formation control for waterjet USV was focused on how to design a control law to force the USV to follow the desired trajectory with the unmodeled uncertainties. We have considered the constraint problem among USV in this work other than this. However, it is not enough in the practice engineering, time-varying communication topology and how to avoid dynamic obstacles for the formation control should be considered in the future work.
